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CYLINDER AT MACH NUMBER 2.9

Prepared by:

K. H. Gruenewald

ABSTRACT: Temperature recovery factors have been
deternined on the cylindrical surface of a number

of 40° cone cylinder models at zero angle of attack

and at a Mach number of 2.86. The investigation was
performed in the intermittent NOL 40 x 40 cm Aero-
ballistics Wind Tunnel No. 2 and the continuous NOL

18 x 18 cm Aerophysics Wind Tunnel No. 3. With
atmospheric tunnel-supply conditions the turbulent
recovery factor was found to be 0.890 * 0.5% and
independent of Reynolds number in the range of 200,000
to 800,000 with Reynolds number based on wall conditions.
The turbulent recovery factor can be represented by the
cube root of the Prandtl number for a Prandtl number
calculated at wall conditions. In the transitional
region of the boundary layer a maximum recovery factor
0.5 to 1% higher than the turbulent value was obtained.
Furthermore, it was found that boundary-layer history
has a marked effect on the value of the recovery factor.
The results of the investigation are compared with the
theoretical and experimental findings of other investigators.

U. S. NAVAL ORDNANCE LABORATORY
WHITE OAK, MARYLAND

i
UNCLASSIFIED



UNCLASSIFIED
NAVORD Report 2742

NAVORD Report 2742 3 July 1953

The results presented in this report represent
additional information on aerodynamic heating of
bodies in supersonic flow. The investigation re-
ported was carried out during the period of 1950
to 1952 in the 40 x 40 cm Aeroballistics Tunnel
No. 2 and the 18 x 18 cm Aerophysics Tunnel No. 3
of the U. S. Naval Ordnance Laboratory under the
joint sponsorship of the U, S. Navy Bureau of
Ordnance under Task No. Re9a-108-1 and the U. S,
Air Force Flight Research Laboratory.

The author wishes to express his gratitude to

Dr. G. R. Eber for his stimulating discussions con-
cerning the investigation and to Mrs. E. C. Brooke,
Miss M. Jennison and Messrs. S. M. Dmohoski, H. McGraw,
H. J. Honecker, and I. Korobkin for assistance given

in the course of the investigation.

EDWARD L, WOODYARD
Captain, USN
Commander

H. H. KURZWEG
Aeroballistic Research Department
By direction

i1
UNCLASSIFIED



VIII.

UNCLASSIFIED
NAVORD Report 2742

CONTENTS

Introduction

Review of status on temperature recovery
factors

Test arrangement

Test procedure

Method of data reduction

Measurement accuracy

Results

Comparison of the results with those of
other investigators

Conclusions

References

111
UNCLASSIFIED

Page



[

N O kW

10.

11.
12.
13.

14.

15.
16.

17.

18.
19.
20.
21.

UNCLASSIFIED
NAVORD Report 2742

LIST OF FIGURES

Temperature recovery factors from boundary layer
analysis for Prandtl number Pr = 0.71S5.

The assembly of the models used.

Parts of the bakelite and copper wall model.
Configurations of the 40° cone cylinder model.

Test arrangement in the NOL 40 x 40 cm intermittent
tunnel No. 2.

Test arrangement in the NOL 18 x 18 cm continuous
tunnel No. 3.

Distribution of static pressures and local Mach

numbers along a 400 cone cylinder at Mach number

2.87.

Distribution of static pressures and local Mach

numbers along a 20° cone cylinder at Mach number

2.87.

Local recovery factors on a 40° metal cone bakelite
cylinder at Mach number 2.87 (40 x 40 cm intermittent
tunnel).

Local recovery factors on a 40° metal cone bakelite
cylinder at Mach number 2.87 (40 x 40 cm intermittent
tunnel).

40° cone cylinder at Mach number 2 87.

40° cone cylinder at Mach number 2.87.

Local recovery factors on a 40~ cone cylinder of
bakelite with and without a metal cone at Mach number
2.87 (40 x 40 cm intermittent tunnel).

Local recovery factors on bakelite cone cylinders of
different head shapes at Mach number 2.87. (40 x 40

cm intermittent tunnel).

Recovery factor measurements on cone cylinders at Mach
number 2.87 in the intermittent tunnel.

Typical time-temperature curves for a 40° cone cylinder
made of bakelite at Mach number 2.86 (18 x 18 cm
continuous tunnel). o

Typical time-temperature curves for a 40 cone cylinder
made of lucite at Mach number 2.86 (18 x 18 cm continuous
tunnel).

Temperature recovery on a 40° cone cylinder made of lucite
at Mach number 2.86 in the 18 x 18 cm continuous tunnel.
Local recovery factors on 40° cone cylinders at Mach
number 2.86.

Local recovery factors on a 40° oversize cone cylinders
at Mach number 2.86. ’
Local recovery factors on a 40° rough cone cylinder at
Mach number 2.86 (18 x 18 cm continuous tunnel).

iv
UNCLASSIFIED



UNCLASSIFIED
NAVORD Report 2742

22. Temperature recovery on 40° cone cylinders at

) Mach number 2.86 in the continuous wind tunnel.

23. Recovery-factor measurements on 40° cone cylinder
at Mach number 2.86 in the continuous wind tunnel.

24. Recovery factor measurements on 40° come cylinders
at Mach number 2.86 in the continuous wind tunnel.

TABLES
I. Temperature recovery factors for laminar boundary
layer.
I1. Temperature recovery factors for turbulent boundary
layer.

II1. Conditions of the tunnel supply air during the tests.
IV. Experimentally determined turbulent temperature
recovery factor and some theoretical solutions.

v
UNCLASSIFIED



g ¢ W K/ ® O <

B OZ O

UNCLASSIFIED
NAVORD Report 2742
SYMBOLS

Temperature (degree C, degree K)
Static pressure (kg/cm?)
Temperature recovery factor
Length (m)
Velocity (m/sec)
Specific heat at constant pressure (kcal/kg-deg C)
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TEMPERATURE RECOVERY FACTORS IN THE TRANSITIONAL
AND TURBULENT BOUNDARY LAYER ON A 40-DEGREE CONE
CYLINDER AT MACH NUMBER 2.9

I. INTRODUCTION

1. A body flying through air at supersonic speed is
heated by friction and compression of the surrounding
air resulting in elevated temperatures. The effect of
these high temperatures on construction, material, and
cargo of the body increases with increasing speed and
is an important factor in modern aircraft and missile
development. To determine the quantity of heat entering
the body per unit of time, one must know the surface
temperature of the body, its surface area, the heat-
transfer coefficient,and the recovery temperature. By
definition, the recovery temperature is the temperature
in the boundary layer immediately adjacent to the
surface of a perfect heat insulator. It is, therefore,
the temperature of a body surface which is in thermal
equilibrium with the boundary layer,i.e., zero heat
transfer between air and body. For this reason the
recovery temperature is also called equilibrium temp-
erature. In practice,a body in free flight will not
attain the equilibrium conditions because of heat
conduction and radiation effects but will approach
equilibrium temperature as a limit,

2. The experimental determination of the equilibrium
temperature in the supersonic wind tunnel in terms of
a dimensionless parameter is the subject of this report.

3. The numerical value of the equilibrium temperature
is intermediate between the stagnation and ambient air
temperatures and depends on two effects:

a., Generation of heat by compression and friction
of air on the body.

b. Diffusion of heat by conduction and convection
throughout the boundary layer.

The interaction of these effects creates an energy
distribution in the boundary layer which leads us to
expect different surface temperatures depending on
wvhether the boundary layer is laminar, transitional, or
turbulent.

1
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4. The equilibrium or recovery temperature is
usually expressed in terms of the recovery factor,
r, which is defined as the ratio of the actual
temperature rise across the boundary layer to the
temperature rise resulting when the ambient air

is adiabatically brought to rest relative to the
body. Therefore

rete-T
To-T
where
Te = the equilibrium or recovery temperature,
T = the static air temperature at the outer

edge of the boundary layer, i.e., ambient
air temperature,

T, = the stagnation temperature, e.g., the
temperature reached when the flow at the
outer edge of the boundary layer (T)
is adiabatically brought to rest relative
to the body.

This factor, r, is generally a function of the
similarity parameters, Reynolds number, Re, Prandtl
number, Pr, and Mach number, M. If r is known, the
equilibrium temperature T, can easily be calculated.
This temperature is 1mpor%ant for two reasons:

a. It determines the possible maximum thermal
stress to which a body flying at high gpeed
is subjected since the equilibrium temperature
is the limiting temperature a body may reach
during its flight at a certain velocity and
altitude.

b. It is the temperature upon which the
determination of the coefficient governing
the heat transfer from air to body is based.

5. When the investigation presented in this report was
started, the theoretical solution for the recovery factor
in the laminar region had been well verified by experiments.
However, experimental results for recovery factors in the
turbulent region were inconsistent and approximate
theoretical solutions were inconclusive.

2
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For transitional boundary-layer flow no results either
theoretical or experimental were known at all. The
principal purpose of this investigation was, therefore,
the experimental determination of temperature recovery
factors in the transitional and turbulent regions of
the boundary layer. The investigation was actually
conducted on cone cylinder models in the wind tunnel
at a Mach number of 2.9 and at zero angle of attack.

I11. REVIEW OF STATUS ON TEMPERATURE RECOVERY FACTORS

6. For laminar flow along a flat plate the recovery
factor has been theoretically determined by several
investigators (reference a) and may be represented

by the square root of the Prandtl number (r = Pr) for

Mach numbers up to 5. In the analyses the Prandtl number
is assumed to be constant. For the real case, however,
the Prandtl number is dependent on temperature and
therefore varies considerably across the boundary layer.
For instance, in a wind tunnel having a supply temperature
of 300°K the Prandtl number varies from 0.660 to 0.757 for
all possible boundary-layer temperatures within the Mach
number range of 1 to 5. Accordingly, the recovery factor
varies from 0.812 to 0.870. The analytical result does
not specify at which reference temperature the Prandtl
number has to be evaluated. Therefore a comparison with
the experiment can be made on a basis of an approximation
only.

7. Experimental results on laminar temperature recovery
factor are presented in Table I. The table shows that

the theoretical prediction of the recovery factor for

the laminar boundary layer is well verified by the
experimental results. It may be noted that all recovery
factor values obtained on flat plates are higher than

those attained from other models. These high recovery-
factor values, however, can be attributed to heat conduction
effects in the leading edge of the flat-plate model
(reference k).

8. For the turbulent boundary layer there are several
theoretical treatments in existence. The results of

these treatments do not agree with each other. Solutions
for incompressible flow, where the variation of fluid
properties in the turbulent boundary layer is not considercd,
have been obtained by Ackermann (reference 1), Seban
(reference a, m), Shirokow (reference a), and Squire
(reference n).

3
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9. Ackermann determined the recovery factor to be
r-I%*.

Seban found an expression for the recovery factor
dependent on Reynolds number,

r=1-(471-411 B-0.601Pr)-Re

where

B = Pr (5B +7)

—

2 (5Pr+1)

A similar expression was obtained by Shirokow in his
formula

r=1-455-(1-Pr)-Re *°.

The analysis of Squire results in
Ne
IN+1

where N is the reciprocal of the exponent of the
velocity distribution within the turbulent boundary layer:

i

u . .

v, é})
In this formula u is the velocity component parallel to
the surface at the distance y normal to the surface,
u, is the corresponding velocity component at the outer
eége of the boundary layer, and § is the boundary-layer
thickness. A solution which includes the Mach number
effect has been obtained by Tucker and Maslen (reference o)

by extending Squire's analysis. Tucker and Maslen give
the following approximation formula for the calculation

of the recovery factor:
(N+;+ 0.523-!‘1")
+1+
14

r=Pr

=P
with N = 2.6-Re#‘.

4
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10. The results of the above theoretical solutions for
turbulent boundary layers are shown in Figure 1, calculated
with a Prandtl number of 0.715, which corresponds to 0° c,
the approximate surface tenperature obtained in wind-
tunnel tests with atmospheric supply conditioms. For
Squire's analysis the value for N was chosen to be 7, the
factor commonly accepted for the turbulent boundary-layer
profile. For the Tucker-Maslen analysis the Mach number
taken was 2.84 corresponding to the local Mach number
employed in the investigations to be discussed in this
report. It can be seen that the recovery factor for

the turbulent boundary layer obtained from the wvarious
theoretical solutions ranges from 0.87 to values close

to 1.

11. The experimental results of the recovery factor for

the turbulent boundary layer are given in Table II and

also show considerable variation. The present investigation
was initiated because the need of additional information
was evident,

III., TEST ARRANGEMENT

12, The measurements were performed in the NOL Supersonic
Wind Tunnels Nos. 2 and 3 described in reference s. For
both tunnels the air is taken from the atmosphere, passed
through a dryer which dries to a dew point of approximately
-30°C, expanded in the Laval nozzle, and discharged through
a supersonic diffuser into a vacuum vessel of 2000 m3
volume. Tunnel No. 2 is of the intermittent type with

40 to 60 seconds blowing time and has a nozzle exit cross
section of 40 x 40 cma . Tunnel No. 3 operates continuously
with a nozzle of 18 x 18 cm cross sectional area at the exit.
The investigations were conducted at a free-stream Mach
number of 2.87 + 0,01 in Tunnel No. 2 and of 2.86 + 0,03

in Tunnel No, 3. The deviations given for the Mach numbers
are average values along the centerline of the working
section of the nozzle.

13, A rotationally-symmetric body was chosen as a model,
making it possible to mount a model of considerable length
in the wind tunnel without the flow contaminations en-
countered with two-dimensional models. The models were
cone cylinders which had the advantage of simplicity in
construction and instrumentation. Furthermore, a cone
cylinder eliminated the choking condition in the tunnel
encountered with cones of comparable length. All
measurements were made on models with zero angle of attack,

S
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The models employed had a conical head of 40° total
angle with one exception where a 20° cone was employed.
They are described as follows: (see Figures 2 - 4)

a. The "bakelite model" consisted of a cone
followed by cyIIndrical sections. The sections were
2 inches in diameter each, 1 to 2 inches long and made
of linen-base bakelite. The cylindrical sections were
mounted on a sting at the rear of a cone so that the
cylinder could be expanded to 24 inches total length.
The model was held in place on the sting by means of
a screv in the base section. One or more sections were
used for surface-temperature measurements and another
section for static-pressure measurements. Since the
wires and tubes of these measuring sections could be
conducted through a s8lit along the sting, the sections
could be placed at any desired location along the
cylinder. The section for surface-temperature measure-
ments contained four copper-constantan thermocouples
of low heat capacity xhich were inserted flush with
the surface and at 90" intervals around the circumference.
The junction of each thermocouple (wire size GE 36 AWG,
wire thickness 0.005 inches) was soldered into a copper
disk 0.016 inches thick and 0.125 inches in diameter
which was inserted into the surface of the measuring
element. For the determination of local-flow conditions
along the model 2 static-pressure sections made of steel
were used. One section had a slit around its circum-
ference (0.030 inches wide), the other one, 6 orifices
(0.050 inches in diameter) equally distributed around its
circumference. Measurements of pressure and temperature
on the models were frequently made simultaneously. A
thermocouple inserted flush into the base of the last
model section 0.750 inches from the model axis allowed
temperature measurements to be made on the model base.

b. The "cogfgr wall model" was of the same
dimensions an u e same way as the bakelite model
Just described except that it contained copper rings of
0.125 inches wall thickness, mounted on bakelite sections.
However, adjacent copper sections were insulated from
each other by bakelite sections,0.06 inches long and
permanently attached to one side of the main sections.

As in the case of the bakelite model one or more
sections served as temperature-measuring elements and
~each element contained one copper-constantan thermocouple.

6
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c. The "lucite model" consisted of a cylinder
1.125 inches In diamefer and 10 or 15 inches in length,
and a cone which was screwed onto the cylinder. It
was made of lucite, had a wall thickness of 0.125 inches,
and was held by a sting mounted in the thickened end of
the cylinder. Thermocouples of the same kind as
described for the bakelite model were inserted in the
surface. In order to avoid mutual influence the
thermocouples disks were mounted in a spiral curve
along the model 1 inch apart axially and 15° apart in
angular ppsition. At the base, 0.406 inches from the
model axis and 90° apart, two thermocouples were inserted
for base-temperature measurements. Another thermocouple
was inserted in the surface of the cone.

14, For the promotion of turbulence in the boundary layer

on the cylindrical portion of the model, oversize cones and

a rough surfaced cone were used. The oversize cones with a
base diameter 12.5% larger than the cylinder diameter were
used in the case of the bakelite and lucite models. For the
copper wall model the cone and a small part of the adjacent
cylindrical section (0.125 inches) were covered with sand
glued to the surface by a hardening-plastic solution. The
maximum peak-to-peak roughness of the sanded part of the model
was 1 mm,

15. The thermocouples of the measuring sectionsof the
bakelite and copper wall models or of the lucite model
were connected to four General Electric photo-electric
potentiometer recorders. The supply temperature of the
air was measured in front of the intake funnel behind

the dryer by a copper-constantan thermocouple (wire

size GE 36 AWG) and was recorded simultaneously with the
temperature of the model surface either by a Brown
recorder or a General Electric potentiometer recorder.

The temperatures were measured against the temperature

of melting ice. Figures 5 and 6 show the test arrangement
of the temperature-recording instruments. Static pressures
were measured with a butyl-phthalate manometer against an
air pressure less than 0.1 mm Hg. This pressure was
maintained by a vacuum pump and measured with a MclLeod
gauge or an Alphatron pressure gauge.

IV. TEST PROCEDURE
A, 40 x 40 cm intermittent tunnel

16. The investigation in the 40 x 40 cm intermittent
tunnel was performed with the bakelite model. Since
bakelite is a material of low heat conductivity, it was
assumed that heat conduction in and along the model is
sufficiently small to allow the measurement of insulated

7
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surface temperatures. The blow duration of the tunnel

of 40 to 60 seconds was too short for the thermocouples
to indicate thermal equilibrium between surface tempera-
ture and boundary-layer temperature. The temperature-
measuring section was therefore cooled to approximately
the expected equilibrium temperature by means of a copper
ring previously cooled with dry ice. During the blow the
indicated surface temperature decreased or increased,
depending on whether the surface temperature at the
measuring point at the start of the blow was above or be-
low the equilibrium temperature. After thermal equili-
brium had been reached the surface temperature stayed
constant for the remainder of the blow.

17. In particular a cone cylinder was tested consisting
of a bakelite cylinder and the following cones:

a. 408 steel cone,
b. 40o bakelite cone,
c. 40  bakelite oversize cone,
d.

20° bakelite cone.

A1l configurations were tested using 3 different test
arrangements:

a. The model length was varied up to 24 inches
cylinder length. A combination of thermo-section, non-
measuring section and pressure section was used with
the pressure section placed next to the base section of
the model in all tests. On models shorter than the length
of the above combination, static pressure and equilibrium
temperature were measured separately.

b. The model was kept at a constant length of 15 or
20 inches. A combination of thermo-section, non-measuring
section, and pressure section was used with the pressure
section in the down-stream position. This combination was
kept unchanged but was varied in its position along the model.

c. The model was kept at a constant length of 15
or 20 inches and the position of the thermo-section was
varied along the model. No pressure section was used
in this arrangement.

B. 18 x 18 cm continuous tunnel

18. In the 18 x 18 cm continuous tunnel all 3 types of
models, the bakelite , copper wall, and lucite models were
used. The continuous blow permitted the attainment of
thermal equilibrium between surface and boundary layer

8
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without any precooling procedure, as applied in the
intermittent tunnel. Since heat-insulating material
such as lucite and bakelite minimizes axial heat
conduction, it was assumed that a non-isothermal
boundary-layer temperature distribution could be
measured along the model if existing. The 2-inch dia-
meter bakelite and copper wall models had a cylinder
length of 8 to 19 inches*). Because of the relatively
large model diameter the reflected head-shock wave
struck the model at about 8 inches from the beginning
of the cylinder. Therefore tests were also performed
with the lucite model, with a diameter of only 1.125
inches. Temperature equilibrium was reached from two
directions. The initial temperature of the model at
the start of the blow was either room temperature or

a low temperature attained by precooling the model with
dry ice. The change of the model surface temperature
at 4 measuring points and the supply temperature were
recorded simultaneously by 5 GE recorders operating

at low recorder chart speed. A timing device automati-
cally short-circuited the GE recorders at regular time
intervals, thus producing time marks on the recorded
temperature curves. When the temperature change with
time had become zero, i.e., the thermal equilibrium
had been reached, the distribution of the equilibrium
temperatures along the entire model was determined.
Since only 4 GE recorders were available, the thermo-
couples on the model were connected 4 at a time by
means of multiple switches to these recorders. During
the measurement of the equilibrium temperature the
recorders were switched to fast recorder chart speed
and the temperature at each point of the model was
measured for a short period of time.

19. The model configurations tested were:
a. A bakelite cylinder with

1. 40° bakelite cone,
2. 40° bakelite oversize cone,

b. A copper-wall cylinder with

1. 403 steel cone,

2. 40 sanded steel cone including a sanded-
cylinder portion 0.25 inches long,

*) The copper wall model was the same as used by Eber
(reference g) for heat-transfer measurements in the
intermittent Tunnel No. 2.

9
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c. A lucite cylinder with

1. 403 lucite cone
2. 40 1lucite oversize cone.

V. METHOD OF DATA REDUCTION

20. The measured data are presented in the form of
the temperature ratio Te/T,, the "local free-stream"
recovery factor

T and T  are the measured equilibrium and supply
temperatSres, T is the temperature of the flow

at the test-section Mach number as taken from flow
tables (reference t), and T; is the local temperature
at the outer edge of the boundary layer as obtained
from the local flow conditiomns.

21. The local flow conditions were taken from compu-
tations of R. F., Clippinger and J. H. Giese (reference

u) and from static-pressure measurements. The compu-
tations give the local-flow conditions only in the flow
field between conical shock and reflected shock wave,
which is formed at the intersection of the conical

shock and the expansion waves from the cone cylinder
shoulder. For Mach number 2.87 this portion of the

flow extends to 3.6 cylinder calibers only*). Since
models of a length up to 12 cylinder calibers had been
used, the computed data were extrapolated by means of
static pressure-distribution measurements along the

model assuming no pressure gradient across the boundary
layer. From these measurements the local-flow conditions
were obtained by computing the ratio of the stagnation
pressures before and behind the shock wave, the ratio
being constant along a stream line and then using NACA
tables (reference t). The static-pressure distributions
along the models were measured in the intermittent tunnel
only. For the data reduction of measurements made in the

*) For the 20° cone cylinder this portion extends beyond
12 cylinder calibers.
10
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continuous tunnel the local-flow conditions obtained for
Mach number 2.87 were transferred to Mach number 2.86.

The distribution of the static pressure and the local
Mach number obtained in this manner for the 40 cone
cylinder are shown in Figure 7 and for the 20° cone
cylinder in Figure 8. Since recovery factor measurements
on oversize cone cylinders are considered as supporting
investigations only, no attempt has been made to determine
local-flow conditions for this model configuration. The
data measured have been referred to local-flow conditionms
prevailing along the usual cone cylinder model.

22. The results of the present investigations are plotted
versus Reynolds numbers expressed in three different ways.
They are the free-stream Reynolds number Reg with all
physical properties of the air referred to the condition
of the undisturbed flow ahead of the model

Re‘ = -—————v“l - $a
ta
the local Reynolds number Rej with all properties referred
to the outer edge of the boundary layer at the location
of the measuring point

Re; = Vl'l'fl
“1
and the local Reynolds number with the kinematic viscosity
evaluated for the equilibrium temperature Te at the measuring
point, and with the velocity, again,6 taken at the outer edge
of the boundary layer,

Ree - -——1——-————-\/ g" ?Q
]

The characteristic length is, in all cases, the wetted
length of the model along the surface from the tip of the
cone to the corresponding measuring point. For models
with oversize cones the difference between maximum cone
diameter and cylinder diameter was not considered in
calculating the characteristic length.

VI. MEASUREMENT ACCURACY

23. The accuracy of the measurements in the tunnel is
determined by the following factors: The sensitivity of
the measuring instruments, the distribution of the Mach
number in the working section of the nozzle and the
distribution of the supply-air temperature in the central
portion of the tumnel intake. Since it cannot be expected
that the flow characteristics in both of the tunnels used
are identical, different measuring accuracies must result.

11
UNCLASSIFIED



UNCLASSIFIED
NAVORD Report 2742

A. 40 x 40 intermittent tunnel:

Within the temperature range used the equilibrium
temperature To could be measured with an accuracy of

0.29C and the supply-air temperature T. with : 0.3°C.
The Mach number along the centerline of tge nozzle working
section was constant within about £ 0.01 ( £ 0.4%). Pressure
readings could be made with an accuracy of =+ 0.05 mm Hg
for the butyl-phthalate manometer and of =+ 0.1 mm Hg
for the mercury barometer. The accuracies in pressure
readings yielded a maximum error of * 0.3% for the
measured local static-pressure ratios p;/p,. The
actual scatter of the static-pressure values about the
average static-pressure curve was +1.5% (see Figure.7).
This high value 1s probably caused by the discontinuities
along the bakelite model and the variation of the free-
stream Mach number in the working section of the test
rhombus. The inaccuracy of the free-stream Mach number
already gives a scatter of 3 1.7% in the static-pressure
ratio p;/p,- Since this error is somewhat higher than
the sca%ter of the experilentally determined static-pressure
ratios, the value of 7 1.7% was used for the determination
of the maximum errors 1n local recovery factors and local
Reynolds numbers. Based on these values, the accuracy
of the recovery factor was determined to :0.3%. The
accuracies computed for the Reynolds numbers were 3 0.8% for
the free stream and local Reynolds numbers Re, and Re;
and 7 1.8% for the local Reynolds number Reg gased on wall
conditions. The reproducibility of the local recovery
factor in the measurements was found to be * 0.5%.

B. 18 x 18 cm continuous tunnel:

The equilibrium temperature Te could be deternined to

*+ 0.2°C and the supply-air temperature to t 0.6°C. The
average variation of the free-stream Mach number was * 0.03
(x1%) and was used for the determination of the scatter in
the local flow values, as was done for the tests in the
intermittent tunnel. This procedure was justified since
no pressure-~distribution measurements on models had been
made in the continuous tunnel. Thus the following
accuracies were determined: +0.5% for the recovery factor,
¥ 1.9% for the free stream and local Reynolds numbers Re,
and Re;, and 7 4.2% for the local Reynolds number based ‘on
wall conditions. In the measurements the local recovery
factor was found to be reproducible on the average to * 0.4%.

12
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VII. RESULTS

A. Measurements in the 40 x 40 cm intermittent tunnel

24. The arrangement of the temperature and pressure-measuring
sections on the model was found to have no influence on the
measured data. The same result was found on the other models
tested in this tunnel. Therefore no distinction between

test results obtained with these three model configurations

is made for the results to be discussed later in this report.

25. The model first tested was a 40° cone cylinder con-
sisting of a metal cone and a bakelite cylinder., Figures

9 and 10 show the measured local recovery factors plotted
versus cylinder length and local Reynolds number Re
respectively. The recovery factor increases along %he
cylinder to a maximum, then drops to a constant value

toward the rear part of the model. Schlieren pictures taken
with about 1 microsecond exposure time show that the
distinct and smooth boundary layer attached to the model
surface assumes a blurred appearance at a certain location
on the model,thus indicating the beginning of the turbulent
boundary layer (Figure 11). It was again found that the
start of turbulence does not occur at a fixed point but
rather oscillates back and forth along the model. The
evaluation of numerous schlieren pictures located this
effect in a Reynolds number range where the recovery

factor curve drops from its maximum to its constant value.
It is therefore concluded that the recovery factor has a
maximum in the rear portion of the transition region and
becomes constant when the turbulent boundary layer is fully
developed. Then the Reynolds number at the start of the
constant recovery factor values can be considered representing
the end of the transitional boundary-layer region. The
experiments in this tunnel show that the transitional region
starts at the shoulder of the cylinder, because at this
point the recovery factor already exceeds the value of 0.85
found for laminar flow along cones. On schlieren photos

it could also be observed that small disturbances appear

in front of the fully-developed turbulent region but die

out again without disturbing the image of a clearly distinct
layer along the model (see Figure 12).

26. An interesting result of this test is the fact that
the recovery factors of the transitional region do not
represent a simple transition from the values of the
laminar to the turbulent boundary layer, as was generally
assumed at the outset of this investigation (1950).
Rather, they reach values which are higher than those of the

13
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turbulent boundary layer. A similar observation was
made on a flat plate at Mach number 1.8 by Eckert in
1949 (reference r) and at Mach number 2.4 by Stalder,
Rubesin, and Tendeland in 1950 (reference e). Eckert
found a maximum of 0.915 and a minimum of 0.898 for
the recovery factor. In the discussion of Eckert's
results Seban (reference r) considers all values between
these extremes as being connected with the turbulent
boundary layer. Stalder, Rubesin, and Tendeland also
consider the recovery factor maximum, which they ob-
tained as a turbulent value. The constant value of
0.92 of the turbulent boundary-layer recovery factor
is higher than the values found by other investigators
with the exception of the value Kraus obtained on a
cylinder extending from the subsonic region into the
supersonic region of the nozzle. He found a recovery
factor of 0.94 at the same Mach number of 2.87
(reference p). The results of the NOL test were
published by Eber in January 1952 (see reference g)-

27. The model next tested was a 40° cone cylinder
with cone and cylinder both made of bakelite. The
cone material was changed because of the following
considerations:

28. Cone and sting of the model first tested were

screwed together and made of steel. This combination
represented a mass of large heat capacity made from

metal of high heat conductivity. Since the conical
portion of the model could not reach equilibrium
temperature during the short tunnel blow and was

partly warmed up again in the time between blows, some
heat transfer from the cone to the air had to take

place during the experiment. It can be assumed, there-
fore, that the recovery factor values near the shoulder

of the cylinder had been affected by this process In
order to investigate the significance of this probable
heat transfer, the test was repeated with the same model
vhere the metal cone was replaced by a cone made of linen-
bakelite. Figure 13 shows the results in comparison with
the data previously obtained on the metal-cone model. The
recovery factor curves obtained with the two models are
almost identical in shape, but actual values are lower for
the linen-bakelite model. Since the only difference between
these two tests was in the material of the cone, the

heat transferred from the relatively warm metal cone into
the boundary layer must be responsible for the high re-
covery factor values obtained previously. The thermal
influence of the cone on the boundary layer is not confined
to the neighborhood of the cone but prevails along the

14
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entire model, thus indicating an influence of the
boundary-layer history on the recovery factor. It
may be recalled that each recovery factor value
was measured at a point of the model where no heat
transfer occured between model and air due to the
precooling procedure applied at each test.

29. The turbulent recovery factor of 0.905 found
with the bakelite-cone model could be confirmed on
two other models of the same bakelite material. One
model was a 20° cone cylinder, the other one a 40°
oversize cone cylinder (see Figure 14). The 20°

cone cylinder shows qualitatively the same recovery
factor curve as obtained on the 40° cone cylinder
but gives a fully turbulent boundary-layer flow at
a higher Reynolds number. This latter result is
caused by the fact that a 20° cone generates less
disturbance of the flow at the shoulder of the
cylinder than the steeper 400 cone. With the 40°
oversize cone used as a turbulence promoter, the
maximum of the recovery factor curve is moved toward
the front part of the model. Turbulence is reached

at a shorter cylinder length or lower Reynolds number
compared with the other models. The recovery factor
for the turbulent boundary-layer flow was found to

be 0.905 for all models. It is, therefore, unaffected
by the shape of the model head. Schlieren pictures
taken of all models supported the result that the
start of turbulent boundary-layer flow occurs between
recovery factor maximum and the constant recovery
factor beyond.

30. All results obtained during this investigation
are presented in graphical form in Figure 15. The
conditions of the tunnel supply air during the tests
are given in table IIl. Every point in the graph,
/T vs. cylinder length, is the average of about
28 measured single values. Several average values
pertaining to one location on the model cylinder and
to the same Reynolds number are averaged again in
order to simplify the presentation in the remaining
graphs of Figure 15. A few recovery factor values
have also been determined on a 60° cone cylinder.
The above findings were confirmed by the following
experimental results on this model:

a. Turbulent recovery factor = 0.905,

b. The optically-determined start of turbulence
is affected by the strong disturbance at the shoulder
of the cylinder. The turbulence starus closer to the
cylinder shoulder than in the case of the 40° cone cylinder.

15
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31. Since the influence of the boundary-layer history
on the recovery factor was found to be of significance,
the question arose whether heat transfer would also
occur with the bakelite material, even with its heat
conductivity 1/70th of that of steel. This question
was justified because the measuring point had to be
precooled to reach equilibrium within the short tunnel
blow, and it was unknown to what extent a small amount
of heat trasfer from the uncooled bakelite ahead of

the measuring point affected the recovery factor values.
Therefore these tests were repeated at practically the
same Mach number in the continuous tunnel where equili-
brium temperature along the entire model could be
reached due to the long blowing time.

B. Measurements in the 18 x 18 cm continuous tunnel:

32. In the 18 x 18 cm tunnel short test rhombus and shock
reflection from the tunnel wall limited the length of the
2 inch diameter models and necessitated the use of 1.125
inch diameter models made of lucite. The initial model
temperaturg at the start of the blow was either +20°C or
about -20C, the latter attained by dry-ice cooling.

The time needed to reach equilibrium temperatures along
the entire model was 35-45 minutes for the bakelite and
copper wall models, 15-20 minutes for the lucite models
(see Figures 16 and 17).

33. A typical graph in the form of the ratio of the
characteristic temperatures Te/T, vs. model length is
shown in Figure 18 for a lucite model. Each circle on
the plot represents the mean value of 1 to 4 gingle
measurements within one test. Each shaded circle is
the value determined from two time-temperature curves
obtained by using the model precooled and at room
temperature. The recovery factors calculated from such
ratios and plotted vs. Reynolds numbers on To-basis are
shown in Figures 19 - 21. In addition, these figures
show the results of some measurements on the same models
in the intermittent tunnel. The dashed part of the
recovery factor curve indicates recovery factor values
measured downstream from where the reflected shock

wave strikes the model surface.

34. The absolute values of the recovery factors as
obtained in this tunnel were all found to be lower than
those obtained in the intermittent tunnel on the same
model. In the continuous tunnel the blowing time was
sufficient for the model to attain equilibrium temperature

16
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along its entire length, i.e., no heat transfer occurred
at any point of the model. The result of these measure-
ments indicates therefore that, in fact, heat transfer
from model to air produced apparent higher recovery
factors in the intermittent tunnel, even for models

made entirely of so-called heat-insulating material
(bakelite). In this tunnel the influence of the
boundary-layer history on the measurements with the
metal-cone model was noticeable over the entire model
length, because not only the metal cone but also the
part of the bakelite model ahead of the momentary
measuring point transferred heat to the boundary layer.

35. Within measuring accuracy the recovery factor values
obtained on the lucite models agree well with those of
the bakelite models. On any lucite model radial heat
conduction can be considered as negligible since the
lucite model was held at its end only by a sting and

the model interior was filled with stagnant air of

low pressure. Furthermore, a recovery factor value
determined on the inside of the model wall at 5.0

inches cylinder length (see Figure 18) was in full
agreement with the outside wall value. Axial heat
conduction due to the non-isothermal equilibrium temp-
erature is likewise negligible, if one considess the

low heat conductivity of lucite (0.2 kcal/m-h-“C) and
the 0.125 inch wall thickness of the model. It can be
concluded, therefore, that the recovery factor values
obtained with such a model give the true boundary-layer
temperatures along an insulated surface. This is also
true for the bakelite model since both models gave
recovery factor values which agreed well with each other.
The slightly lower values obtained on the partitioned
copper wall model may be caused by heat transfer from
the air to the metal cone, due to heat conduction within
the cone-sting system. It is improbable that the lower
values could be caused by different surface roughness of
the models since roughness determinations with a pro-
filometer (Brush Development Co., Cleveland, Ohio) gave
the largest differences between the lucite and tge -6
bakelite models. (RMS values fgr luc:lte6 3:107° ~6-10
inches, for coppe -wall: g =10:-10"° inches, for
bakelite: 50-10 -90:10"° inches.) Furthermore, the
discontinuities on the bakelite and copper wall nodels
caused by the individual cylindrical sections are larger
than the roughness values but equal for both models

(see Figure 4). The lucite model does not have those
discontinuities.

17
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36. In order to promote turbulence models with
oversize cones have again been used. The results

of these measurements are shown in Figure 20. The
trend of the recovery factor has been found to be
qualitatively the same in both tunnels. The absolute
values of the recovery factor, however, are different
and again were found to be lower in the continuous
tunnel. In this tunnel recovery factors determined
on the lucite model are in good agreement with those
of the bakelite model.

37. The recovery factor value of the turbulent
boundary layer was found to be 0.890 * 0.5% whether
turbulence is promoted or not and remained practically
unchanged after the reflection of the shock wave onto
the model. The maximum is 0.897 for models with

and without an oversize cone, a value only 0.5 to 1%
larger than that for the turbulent flow. As found

by schlieren pictures, the turbulence starts again
close to the recovery factor maximum. Only in cases
where the recovery factor maximum could not be
reached on the model, because of premature shock
reflection, the start of turbulence was found to
occur at the location of the shock reflection. The
optically-determined Reynolds number ranges of
boundary-layer transition are shown on Figures 19

and 20 corresponding to the various models. The
start of turbulence on the oversize lucite model

from schlieren pictures was found to occur a little
ahead of the recovery factor maximum.

38. A definite explanation of the recovery factor
maximum cannot yet be given. However, it is known
that the transition from laminar to turbulent flow
is characterized by the generation of growing
turbulent motion, which increases friction and
equilibrium temperatures as well. This motion
develops an energy distribution in the boundary
layer, which may be in a state of non-equilibrium
Jjust before attaining the fully-developed turbulent
boundary layer and thus may cause high temperatures
at the inner edge of the boundary layer at the end
of the transition region.

39. Besides oversize cones a cone covered with sand
particles up to 1 mm high was used to promote a trbulent

18
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boundary layer. Although schlieren pictures show
turbulence right at the end of the rough part of

the model, the recovery factor does not remain
constant (see Figure 21). It passes a minimum of
0.87 and increases without reaching the value of the
fully developed turbulent boundary layer before the
reflected head shock wave hits the model.

40. Recovery factors determined on the cones of
the lucite models were found to be substantially
the same as those Eber obtained for laminar flow
on cones in the intermittent tunnel (reference f).

41. For the sake of completeness in the data
presentation, the ratios of equilibrium temperature
to supply temperature, the free-stream recovery
factors, and the local recovery factors are plotted
as functions of cylinder length and the three
Reynolds numbers Re,, Re,, (Figures 22 - 24).
Furthermore, the conditlons of the tunnel supply air
during the tests are given in Table III. The inter-
pretation of the data presented in Figure 22 is the
same as given for Figure 18, In Figures 23 and 24
each point represents the mean value of the results
of several tests. Note that the difference between
the local recovery factor and the free-stream
recovery factor becomes smaller, the more the

local Mach number appraoches the free-stream Mach
number with increasing cylinder length (see Figure 7b).

42. Furthermore, some equilibrium temperature ratios
Te/T, at the model base have been determined. In
general they were found to be 1% higher than the

/T values at the corresponding model length
(ﬁigure 22).

VIII, COMPARISON OF THE RESULTS WITH THOSE
OF OTHER INVESTIGATORS

A, Experimental results

43, In the course of this investigation some results
concerning recovery factors in turbulent boundary-layer
flow have been published by other investigators (see
Table II). They are in agreement with the results
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presented here within measurement accuracy. In some
cases this is also true for the recovery factor maximum.
In one case the maximum could not be detected (reference
h); in another case its absolute value was subject to
wide scatter (reference i) probably due to the special
test conditions in both cases. Eckert's maximum recovery
factor of 0.915 is within the measurement accuracy of the
turbulent recovery factor of 0.90 £ 2% given in reference
r. Kraus (reference p) performed his test in the same

40 x 40 cm intermittent tunnel but with a blowing time

of 15 to 20 seconds. He approached temperature equili-
brium by a local cooling method as was done in the
corresponding tests of the present investigation. It

is apparent, therefore, that the turbulemnt recovery factor
Kraus found on a cylinder in axial flow is subject to the
same boundary-layer history influence as found in the
course of this investigation. Eber's recovery factor
values, obtained on relatively short thin copperwall
cones with a boundary layer tripped by a wire, are
probably related to transitional boundary-layer flow

or influenced by axial heat conduction. Eber, himself,
does not assign these values to the turbulent boundary
layer (reference f).

B. Theoretical solutions

44. The theoretical solutions of Ackermann (reference 1),
Squire (reference n), and Tucker-Maslen (reference o)
evaluated on the basis of the present investigation give
the numerical values on turbulent recovery factors pre-
sented in Table IV. The Prandtl number was calculated

for the equilibrium temperature and local temperature at
the outer edge of the turbulent boundary layer. The values
of N, the reciprocal of the exponent of the velocity dis-
tribution of the turbulent boundary layer, were based on
the range of local Reynolds numbers Ry and R, actually
investigated in the experiments. The bounda}y layer
beyond the point of the rellection of the head shock

wave on the model was not considered. As the table

shows, the experimentally determined turbulent recovery
factor found to be 0.890 t 0.5% in this investigat129

can be approximated by Ackermann's solution, r = Pr

with a Prandtl number taken at equiljbrium temperature.
Since Squire's expression r = “ﬂ)@N*U does not differ
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much from prl/3 with an N-value of about 7, the
experimental result also agrees with this solution
within measurement accuracy. However, the experi-
mental value is found to be slightly higher than
that given by the approximation formula of Tucker
and Maslen, Agreement with this formula is found
if the Prandtl number is based on the temperature
at the outer edge of the boundary layer. Since,
in the Reynolds number range investigated the
experimentally obtained value of the turbulent
recovery factor does not show any variation with
the Reynolds number as predicted by Shirokow
(reference a) and Seban (referencesa, m), the
theoretical solutions of these investigators have
not been evaluated.

45. It may be recalled that the Prandtl number is

a function of temperature and it remains to be seen
if the given comparison between theory and experiment
holds true if the supply temperature is greatly
different from that of the present investigation.

A verification of the results at other operating
conditions therefore will be necessary.

IX. CONCLUSIONS

46. The experimental investigation of temperature
recovery in transitional and turbulent boundary-
layer flow on cone cylinders at Mach number 2.86

in two NOL supersonic wind tunnels with atmospheric
supply conditions has shown the following:

a. With zero heat transfer along the entire
model the recovery factor for turbulent boundary-
layer flow at Mach number 2.86 was found to be
0.890 + 0.5%. The method of turbulence promotion
did not affect this value. Furthermore, this value
was found to be independent of Reynolds number in a
Reynolds number range between 200,000 and 800,000
for a Reynolds number based on wall conditions and
wetted model length. In addition, agreement was
found between the experimentally obtained turbulent
recovery factor and the theoretical solutions of
Ackermann and Squire, when the Prandtl number was
based on wall conditions. For a Prandtl number
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based on the flow conditions at the outer edge of
the boundary layer the experimentally determined
récovery factor agrees also with the Tucker-Maslen
solution,

layer flow increases with increasing Reynolds numbers
to a maximum value which is 0.5 - 1% larger than the
turbulent recovery factor value,

C. The temperature recovery is affected by
the history of the boundary layer along the surface
of the model. The recovery factor at a point with
Zero heat transfer is not a fixed value as long as a
heat source of heat sink exists anywhere ahead of the
point under consideration,

22
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FIG.7 DISTRIBUTION OF STAVIC PRESSURES AND LOCAL MACH

NUMBERS ALONG A 40° CONE CYLINDER AT MACH No. 2.87
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